In order to describe the mechanisms and significance of coronary flow velocity and increased stenosis severity during coronary vasodilation, we determined stenosis geometry by quantitative coronary arteriography in conscious dogs at resting and high coronary flows. The circumflex coronary artery was instrumented with a Doppler flow velocity transducer, periarterial balloon constrictor, and small implanted arterial catheters proximal and distal to the constrictor for contrast injection and pressure measurements. Biplane, orthogonal x-rays of coronary stenosis were taken in mid-diastole at resting and high coronary blood flow after intracoronary papaverine. Arterial borders on x-ray prints were outlined on a digitizing tablet and stenoses reconstructed in three dimensions by computer. Dimensions for each of 51 stenoses ranging from 45% to 78% diameter narrowing were compared before and after papaverine with three important findings: (1) There was no significant change in the minimum cross-sectional area or in exit outflow angle of the stenosis from resting to high coronary flow. Cross-sectional area of the normal artery proximal and distal to the stenosis increased significantly during high flow by 16% and 12%, respectively (P < 0.001), thereby causing diameter stenosis to increase from 68% to 71% (P < 0.001) associated with a 16% increase in the pressure gradient across the stenosis due solely to changes in stenosis geometry. These observations raise basic questions about how stenosis severity should be defined. (2) The cross-sectional area of the artery within the chronically implanted Doppler transducer increased by 32% with vasodilation despite perivascular scarring within the transducer observed at postmortem. Consequently, relative changes in coronary flow velocity were 30-40% less than changes in volume flow, thereby introducing a significant error in measuring relative coronary flow responses unless changes in arterial diameter were also determined. (3) Proximal, large, epicardial coronary arteries vasodilated in response to distal arteriolar vasodilation, probably by an ascending "wave" of vasodilation from the arteriolar bed (Circ Res 50: 695-704, 1982) Dr. Gould is Professor and
SEVERAL previous reports on experimental coronary arterial stenoses describe increased severity or greater stenosis resistance during elevated coronary blood flow (Shipley and Gregg, 1944; Kreuzer and Schenk, 1973; Gould et al., 1975 Gould et al., , 1978a Logan, 1975; Swartz et al., 1979; Santamore and Walinsky 1980; Walinsky et al., 1979 Walinsky et al., , 1980 . Mechanisms proposed for this apparent worsening of the stenosis at high blood flow have included a hypothesized vasodilation of the distal and proximal normal segments of the artery with more severe relative percent stenosis (Kreuzer and Schenk, 1973; Gould, 1978) or passive narrowing of the constricted segment of the artery due to a fall in intralumenal pressure at high coronary blood flow (Logan, 1975; Swartz et al., 1979; Walinsky et al., 1979 Walinsky et al., , 1980 Santamore and Walinsky, 1980) . A previous report from this laboratory (Gould 1978) described increased diameter of normal arterial segments with worsening relative percent stenosis in 17 coronary arteriograms which were visually measured with calipers at the narrowest and widest part of the artery. This previous crude assessment did not utilize biplane views or quantitative arteriography to determine what other quantitative geometric changes oc-curred or whether those geometric changes quantitatively accounted for the worsened hemodynamic severity observed. Therefore, we analyzed orthogonal quantitative coronary arteriograms of 51 coronary stenoses in chronically instrumented intact animals in order to define the geometric changes in the stenosis after coronary vasodilators. The results indicate that, in this experimental preparation, the increased hemodynamic severity of coronary stenoses at high coronary blood flows can be entirely and quantitatively explained by vasodilation of the artery on either side of the fixed stenosis with slightly worsened percent narrowing and a modestly greater pressure loss due to disturbed flow. Significant passive narrowing did not occur, and the exit geometry of the stenosis did not change after coronary vasodilators.
The use of Doppler flow velocity transducers implanted on arteries to record blood flow changes during experimental manipulations assumes that the cross-sectional area of the artery inside the perivascular Doppler transducer remains constant due to formation of fibrous tissue. To study the validity of this assumption, we also obtained quantitative measurements of cross-sectional area of the artery within the chronically implanted Doppler transducer during rest flow and during elevated flow after injection of papaverine through a small catheter chronically implanted in the artery distal to the transducer and constrictor. The results show a significant increase in the diameter of the artery in the Doppler transducer at high coronary flow. This finding has several important implications for experimental studies on the coronary circulation. First, measurement of coronary flow velocity by Doppler velocity meter may significantly underestimate the relative increase in volume flow unless arterial diameter in the transducer is determined. Second, these observations raise basic conceptual questions on how stenosis severity should be defined, i.e., in terms of either relative percent stenosis and the relation of pressure gradient to flow velocity or in terms of absolute stenosis dimensions and the relation of gradient to volume flow. Finally, proximal, large, epicardial coronary arteries vasodilate in response to distal coronary arteriolar bed vasodilation produced by distal intracoronary injection of papaverine in doses too small to affect systemic cardiovascular dynamics or other coronary arteries on recirculation and in the absence of reversed flow from the site of injection by perivascular flow velocity transducer.
Methods

Surgical Preparation
Five male field hounds weighing 22-28 kg were anesthetized with intravenous sodium thiopental and a mixture of nitrous oxide and methoxyfluorane. The left circumflex coronary artery was dissected free through a sterile, left thoractomy. A small tapered Tygon catheter was implanted at the origin of the left circumflex coronary artery for injection of contrast media in order to obtain coronary arteriograms. A Doppler flow velocity transducer was placed around the left circumflex artery distal to the proximal coronary catheter tip. Two to four millimeters distal to the Doppler transducer, a saline-filled circumferential balloon constrictor was sutured in place. A second Tygon catheter was inserted in the distal main circumflex artery before major branches for intracoronary injection of papaverine. Catheters were flushed daily and filled with heparin. The coronary catheter construction and implantation techniques used in this laboratory have been described in detail previously (Gould, 1978; Gould et al., 1978) .
Coronary Arteriograms
Coronary arteriograms were obtained by injecting radiopaque contrast media (Renografin-76) into the proximal coronary catheter while triggering exposure of a single spot film from the electrocardiogram at mid-diastole. The injection/x-ray sequence was automated and controlled precisely by means of a timing circuit triggered by the R wave from the ECG. The contrast media was injected with thermodilution injector (#3700; OMP Lab, Inc.) modified to inject from an energized solenoid triggered from the ECG. The injector was powered with compressed air regulated to inject the contrast media through the catheter at a flow rate not exceeding the dog's coronary arterial flow. With this system, less than 2 ml of contrast media produced adequate filling for visualization of the stenotic region as well as proximal and distal normal sections of the circumflex artery. X-rays were taken with a General Electric Maxiray 100 tube with a 0.3-mm focal spot, a 6^° target angle, and a 26-inch tube-to-film distance. Exposures were at 1/60 or 1/30 second, 200 mA, and 90-116 kV using Ultra Detail, Cronex 4, Dupont 3, x-ray film and either Ultra Detail phosphor Radelain cassettes or Kodak X-Omatic cassettes with Regular intensifying screens. The entire system had a resolution of 11 line pairs/mm or 215 line pairs/inch.
Protocol
The dogs were positioned on their right side for biplane x-rays. Some animals were lightly sedated with xylazine (1 mg/kg, im) to facilitate stable positioning during the x-rays. During a 5-minute rest period, initial flow and pressure calibrations were made, and the flow response to a 10second total occlusion was recorded. The coronary constrictor was then expanded with saline under pressures up to 1000 mm Hg (20 psi) depending on the severity of stenosis desired. The constrictor pressure was held constant at the chosen level by a water-sealed ball valve in line with an automatic pressure regulator attached to a compressed air source. The stenosis was allowed to stabilize for 20 minutes.
Orthogonal x-rays in the LAO and LPO views were taken sequentially in order to determine stenosis dimensions at resting control conditions and during vasodilation after intracoronary papaverine. X-rays in each view were separated by at least 3 minutes to allow flow, heart rate, and stenosis dimensions to reach control levels after injection of contrast media. We produced coronary vasodilation by determining for each animal the distal intracoronary injection of papaverine [from 0.4 to 0.8 ml (2 mg/ml)] that would produce a maximum increase in flow without prolonging vasodilation more than 90 seconds. X-rays were taken during the period of maximum changes in stenoses geometry that occurred 60 seconds after papaverine injection. In half of these studies, biplane x-rays were also taken during peak coronary blood flow which occurred earlier, approximately 10 seconds after papaverine injection. The entire experiment lasted 1 hour. For each dog, data were obtained over a wide range of coronary constrictions during repeated studies over a period of 4-6 weeks.
X-Ray Analysis
X-ray films were prepared for computer analysis of stenosis dimensions as follows. Arteriograms were printed directly on photographic paper in reverse contrast with a 4 X 5 enlarger at 3 X, using Kodak poly-contrast, lightweight paper, grade 2 contrast. Print exposure times were individually adjusted to maximize contrast at the vessel border, as shown in Figure 1 . Arterial borders on the photographic prints were outlined lightly in pencil by the authors, independently, and then jointly reevaluated for a final "concensus" tracing. One copy of each x-ray was always left unmarked for visual reference. The penciled outlines of the artery were traced into a PDP 11/45 computer using an x-y cursor system on a back-lighted drafting board with resolution of 250 lines/inch. The outline of a 3.18-mm stainless steel ball implanted surgically next to the stenosis was also traced into the computer as a size reference.
Tracings of paired orthogonal images of coronary arteries and the steel ball were processed by a previously described computer program (Brown et al., 1977) . The program corrected for pin cushion distortion of the x-ray system and for absolute size from the steel ball to produce a true scale, three-dimensional reconstruction of the vessel and stenotic FIGURE 1. Orthogonal coronary arteriograms taken in late diastole by triggering an automated injection system and x-ray exposure from the electrocardiogram. segment by matching center lines of the individual orthogonal projections and assuming an ellipsoidal vessel crosssection. Data were obtained from the computer as a hard copy printout (Fig. 2 ) of the variables of interest, such as stenosis dimensions, the computer reconstructed stenosis in each view, and various constants of the general fluid dynamic equations relating pressure gradients to coronary blood flow. Each x-ray print was digitized three times. Data from the most disparate trace were discarded. Data from the remaining two traces were averaged together and utilized for these analyses.
The fluid dynamic equations used for relating AP to stenosis geometry and coronary flow velocity or volume flow were as follows:
As As or AP = FV + SV 2 or AP = fQ + sQ 2 (1)
where AP is pressure loss across the stenosis, fi is absolute blood viscosity, L is stenosis length, A n is the cross-sectional area of the normal artery, A s is the cross-sectional area of the stenotic segment, V is flow velocity, p is blood density, k is a constant related to the exit and entrance effects here equal to one, Q is volume flow, F and S are the coefficients of pressure loss due to viscous friction and exit separation in the velocity equation (Eq. 1) and f and s are corresponding coefficients in the flow equation (Eq. 2). Resistance was calculated from x-ray geometry for both Poiseuille resistance due to viscous friction (f), assuming laminar flow in the converging portion of the stenosis, and for resistance due to exit separation (s) or vortex formation in the diverging portion of the stenosis.
Several stenosis dimensions were selected for comparison at resting conditions and after coronary vasodilation. In this computer program, cross-sectional area of the coronary artery at any given location was calculated as an ellipse, using the diameter of the vessel from two orthogonal x-rays as the two axes. Arterial diameters in each orthogonal view were matched spatially at 0.25-mm increments along the long axis of the artery, starting from a reference point chosen as the site of greatest narrowing in the stenosis. The starting and ending points of the stenosis on the photographic prints were carefully defined manually as points at which the vessel appeared to be of normal size and was not changing dimensions. The percent area stenosis was calculated as (A n -A s )/A n X 100, where A n = area of distal normal vessel and A s equals the minimum stenosis area, and refers to the percent reduction in normal vessel area due to the stenosis calculated from orthogonal x-ray views. The percent diameter stenosis reported here was calculated as the average of the percent diameter reduction in each of the two orthogonal views where percent diameter reduction equals (D n -D,)/D n X 100, D n = diameter of distal normal vessel, and D s = diameter of the stenosis. The divergence angle is the angle between the longitudinal axis and arterial wall at the distal exit end of the stenosis as it broadens and flares away from the straight line continuation of the stenotic segment. The full divergence angle is reported as the sum of the two angles formed by the two sides of the vessel.
Data for 51 separate stenoses is reported as a mean ± 1 SD. Comparisons of stenosis geometry at resting control conditions and after coronary vasodilation were made using paired f-test analysis of differences between paired data. Reproducibility of taking repeated x-rays, x-ray tracings and digitizing the stenoses was evaluated by determining the mean deviation of two to eight traces from the absolute magnitude of the measured variable of that tracing and expressing this deviation as a percentage of the mean value for that dimension at resting conditions.
Results
Biplane x-rays were obtained for 51 separate stenoses of the left circumflex coronary artery at resting control conditions and at high coronary blood flow after coronary vasodilation. For the five dogs at the beginning of experimentation after recovery from surgery, mean (±SD) aortic pressure was 89 ± 8 mm Hg, with systolic 124 ± 14 and diastolic 70 ± 10 mm Hg, mean heart rate was 64 ± 20, mean resting coronary flow velocity was 19 ± 6 cm/sec, and mean volume coronary flow was 25 ± 7 ml/min. Figure 1 illustrates an example of orthogonal x-rays. The measured pressure gradient at flows of 30 ml/min ranged from 1 to 26 mm Hg. The average diameter stenosis ranged from 45% to 78%, mean 68%, and the reduction in cross-sectional area of the artery at the stenosis ranged from 78% to 95%, mean 91%. The severity of the stenosis in the two orthogonal biplane views was asymmetric; the mean ratio of minimum diameter in left anterior oblique and left posterior oblique views was 0.64 ± 0.21. After intracoronary injection of papaverine, coronary blood flow rose to peak values within 10 seconds and gradually returned to resting values after 90 seconds. The maximum flow following papaverine in each animal was dependent upon the severity of the stenosis and varied from 45 to 90 ml/ min.
Stenosis geometry of the arteriograms taken during vasodilation changed in comparison to the arteriograms taken at rest. Mean data for 51 stenosis are presented in Table 1 at rest and during vasodilation from x-rays taken 60 seconds after injection of papaverine when epicardial arterial vasodilation appeared maximal. At this point, flow velocity was lower than the peak levels immediately following injection. For all 51 stenoses, there was no significant change in the minimal cross-sectional area at the site of the constriction, the mean value at rest being 0.40 ± 0.16 mm 2 and at vasodilation being 0.40 ± 0.02 mm 2 , although early in the course of vasodilation there was a transient, very small decrease in this dimension which had no hemodynamic consequence as discussed subsequently. The divergence angle at the distal end of the stenosis did not change significantly. However, there were significant changes in size of the normal vessel on either side of the stenosis. During vasodilation, the cross-sectional area of the proximal portion of the vessel increased from 4.98 ± 2.09 to 5.87 ± 2.67 mm 2 , and distal vessel cross-sectonal area increased from 4.44 ± 1.07 to 4.97 ± 1.27 mm 2 . These changes in the area of the normal artery resulted in an increase in percent diameter stenosis from 68 to 7% to 71 ± 5% and in percent area stenosis from 90.7 ± 4.0% to 92.1 ± 3.1%. All these changes were significant P < 0.001. The large standard deviations for all mean values in this study are due to averaging together the data from mild, moderate, and severe stenoses.
These geometric changes during coronary vasodilation caused a 22% increase in the coefficient of pressure loss due to separation or disturbed flow, but no change in viscous coefficient, as shown in Table 2 . As coronary flow increased, the pressure gradient also increased, as expected from the quadratic relation of pressure gradient to volume flow. As shown in Table  3 , the relative proportion of pressure losses due to viscous friction and separation also changed as coronary flow increased. Using the resting x-ray geometry and a coronary flow of 0.25 ml/sec (15 ml/min), the x-ray-predicted viscous losses accounted for 67% and Results are expressed as mean ± SD; n = 51. the separation losses accounted for 33% of the total pressure gradient across the stenosis. Using x-ray geometry after coronary vasodilators at higher coronary flows of 1 ml/sec (60 ml/min), the x-ray-predicted viscous losses accounted for 32% and the separation losses accounted for 68% of the total pressure gradient across the stenosis. Figure 3 shows a graph of the changes in these relative proportions over a range of coronary flows using the mean values for f and s in Table 2 . These x-ray-predicted proportions are the same as those proportions of viscous and turbulent losses previously determined from pressure flow measurements alone without x-ray geometry (Gould, 1978) , thereby confirming that geometric changes in stenoses completely and quantitatively account for hemodynamic changes observed during coronary vasodilation.
The pressure gradient across the stenosis increased at elevated coronary blood flow for two reasons. The first is the expected increase in pressure gradient due to the quadratic AP-Q relation and the second is that the separation coefficient of this equation became larger at higher blood flows due to worsening percent stenosis as compared to rest. Therefore, in order to analyze any additional pressure losses due to altered geometry alone after vasodilators, it is necessary to calculate the pressure gradient from x-ray geometry at rest and from x-ray geometry after vasodilators but using the same coronary blood flow. At 1 ml/sec, the pressure gradient predicted from resting x-ray geometry was 47 ± 41 mm Hg, whereas the pressure gradient predicted from x-ray geometry at vasodilation, also at 1 ml/sec, was 58 ± 61 mm Hg, or a 16 ± 39% difference (P < 0.002). Thus, with coronary vasodilation and worsening stenosis severity, the xray-predicted pressure gradient was 16% higher than it would have been had there been no geometric changes of the stenosis during coronary vasodilation.
To study the effects of geometric changes early in the course of coronary vasodilation, a subset of 28 stenoses were studied by biplane arteriograms taken at 10 seconds after injection of papaverine during maximum coronary flow in addition to x-rays taken at the standard time of 60 seconds after papavarine when coronary flow had fallen toward baseline. These data are presented in Table 4 . During maximum coronary flow 10 seconds after intracoronary papaverine, there was a significant but very small reduction in minimum stenosis area from 0.39 ± 0.15 mm 2 at rest to 0.36 ± 0.16 mm 2 (P = 0.002). Normal segments of the vessel on either side of the constricted segment increased somewhat in size during early vasodilation and increased still further at late vasodilation. Therefore, there is a time lag in the large epicardial artery vasodilation of approximately 50 seconds after peak coronary flow or arteriolar vasodilation. The small decrease in the minimum stenosis area during early vasodilation was not associated with a significant change in the coefficients of viscous or separation losses as compared to the resting coefficients. Thus, although there was a very small passive collapse in the stenotic segment early in the course of vasodilation, this change did not persist into that period of time when the most marked changes in stenosis geometry were observed later in the course of epicardial artery vasodilation.
The reproducibility of digitizing the x-ray dimensions for computer analysis was determined for several stenosis dimensions. Repeated tracing of a stenosis or repeated sequential x-rays of a given stenosis with repeated tracings of each set of x-rays gave a maximum variability of 1% to 5% for any of the stenosis dimensions. The consequence of this variability in stenosis geometry causes a variability of ±10% in the pressure gradient at coronary blood flows of 60 ml/min. Tables 1 and 4 show the changes in the arterial cross-sectional area within the Doppler transducer. For the 51 stenoses studied by two sequential x-rays, there was an overall 32 ± 32% increase in vessel area at the flow probe during maximal vasodilation, 2.37 ± 0.9 mm 2 at rest to 3.0 ± 1.0 mm 2 after coronary vasodilators. The mean cross-section area of the artery at the Doppler transducer for a subset of 28 separate stenoses x-rayed sequentially three times was 2.68 ± 1.0 mm 2 at rest flow, 3.18 ± 1.2 mm 2 at peak flow 10 seconds after intracoronary papaverine, and 3.39 ± 1.0 mm 2 during maximal epicardial arterial vasodilation 60 seconds after papaverine. This increase in arterial cross-sectional area during elevated flow was significant with P < 0.001 by paired r-test analysis.
Because of the increased arterial diameter in the Doppler transducer during elevated coronary flow, the relative increase in flow velocity was less than the relative increase in volume flow. The percent increase in flow for each method during vasodilation is shown in Figure 4 . For this schematic, the velocity measurements were taken at six different flow rates for a single stenosis; volume flow during vasodilation was then calculated using the mean increase in vessel area for 28 stenoses at peak flow and during vasodilation. The percent increase in velocity is always 30-40% less than the increase in flow volume. The duration of "flow" elevation is also correspondingly shorter when velocity is used as a measure of flow changes because, when flow velocity has returned to baseline control, volume flow remains somewhat elevated because the arterial diameter is still larger than at baseline control. This difference between the flow volume measurement and the flow velocity measurement during vasodilation is plotted in Figure 5 as the percent error in relative flow change if flow velocity is recorded by a Doppler transducer as a measure of relative flow change on the assumption that arterial diameter remains constant. Velocity measurements during flow elevation after vasodilators significantly underestimate the true increase in volume flow. The magnitude of volume flow increase after vasodilators is obtained only with accurate measurements of the changes in vessel area at the transducer and multiplication times flow velocity to obtain volume flow. The observation that the arterial cross-sectional area inside a chronically implanted Doppler trans- ducer increases during coronary vasodilation has significant bearing on assessing stenosis severity in terms of either the pressure gradient-velocity relations or the pressure gradient-volume flow relations. In this study, each stenosis was characterized according to classical fluid dynamic equations (Equations 1 and 2 in Methods) in which viscous friction losses are described by a first-power term and pressure losses due to disturbed flow or vortex shedding are described by a second-power term. At rest and elevated flows, a quadratic equation that best fit the phasic pressure gradient and flow velocity data was therefore obtained during the diastolic portion of a single heart cycle in order to obtain a gradient-flow velocity relation to characterize stenosis severity. The simultaneous pressure gradient-volume flow relationship for the same stenosis was then derived by multiplying the area of the vessel at the Doppler transducer times each value of flow velocity, thereby obtaining volume flow. An example of these two forms of analysis applied to the same stenosis is shown in Figure 6 . At resting flow, the quadratic relations for the pressure gradient-velocity relation and for the pressure gradient-flow relation are identical. During vasodilation, there is a major change in the pressure gradient-velocity relation as indicated by a steeper curve in the velocitypressure relation at high flows. This steeper curve shows that, for a given flow velocity, the pressure gradient is greater-thereby indicating worsened stenosis severity-particularly, worsened separation coefficients S. In contrast, the pressure gradient-volume flow relation for this stenosis did not change during vasodilation, including no more additional pressure losses at higher flows than would be expected on the basis of the resting pressure-gradient relation. The data at high flows is a continuous exten- The gradientvelocity relation shows a much more prominent increase in slope, however, illustrating that it is more sensitive to more severe relative percent stenosis caused by vasodilation on either side of the stenotic segment.
sion of the data at rest flow and thereby indicates no change in stenosis severity. A more typical example of similar analysis for most stenoses is presented in Figure 7 , showing differences in the curves at rest flow in addition to a steeper pressure gradient velocity relation at high flows and increased stenosis severity. The pressure gradientvolume flow relation does show some increase in its steepness and, therefore, in stenosis severity, although the change in the gradient-volume flow relation is not as great as for the gradient-velocity relation. Thus, the pressure gradient-velocity relation indicates a marked worsening of stenosis, and the pressure gradient-volume flow relation indicates only mild worsening of stenosis after coronary vasodilators. Which answer is correct depends on one's choice of the definitions or frame of reference for describing stenosis severity hemodynamically, as discussed subsequently.
Discussion
In this experimental preparation with stenoses produced by external constriction of normal coronary arteries, the relative percent narrowing became more severe after coronary vasodilators due to vasodilation of the normal artery proximal and distal to the narrowed segment as previously hypothesized (Kreuzer and Schenk, 1973; Gould, 1978) but not previously proven experimentally. This change in percent narrowing was modest, with the pressure gradient calculated from the vasodilated stenosis geometry being only 16% higher than the gradient calculated from the resting stenosis geometry at the same coronary flow. Other geometric changes were unimportant. Although hypothesized previously on theoretical grounds, quantitative measurements of changes in the exit angle of the stenosis were not significant. Minimal passive narrowing of the constricted segment due to a fall in intralumenal pressure did occur in the first few seconds after coronary vasodilators at peak coronary flow. However, this short-lived change was very small and had no hemodynamic consequences separate from or in addition to the effects of vasodilation on either side of the narrowed segment. Our results show that passive narrowing of the stenotic segment due to a fall in intralumenal pressure is secondary to distal vasodilation and is not a primary change in stenosis severity leading to a self-propagating further fall in distal pressure. Since this slight passive narrowing is not a primary increase in stenosis severity, it is reversible when intralumenal pressure increases with disappearance of the stimulus for vasodilation.
With severe stenoses, some investigators have reported a decrease in coronary blood flow in the presence of distal vasodilation. They attributed this fall in flow to a passive collapse of the stenotic segment (Swartz et al., 1979; Satamore and Walinsky, 1980) . However, the reason for the progressive fall in coronary flow in their experiments cannot be explained on the basis of worsening stenosis severity due to passive collapse of the stenotic segment, since this collapse is only secondary to the initial fall in distal pressure. We believe that it is a specious, circular argument to conclude that passive narrowing increases primary stenosis severity with further fall in intralumenal pressure, since this process would then continue until there was complete arterial collapse and cessation of blood flow, which did not occur in these experiments.
We observed a systematic, consistent increase in the coronary arterial cross-sectional area within the chronically implanted Doppler velocity transducer during coronary flow elevation. These observations were made in repeated experiments 10-60 days postoperatively when the transducer was encased with fibrous connective tissue. If we had assumed a constant arterial cross-sectional area, as virtually all previous studies in the literature have assumed, then recordings of coronary flow velocity as measures of relative changes in coronary flow would have been in error by up to 40%.
The phasic flow response of a Doppler velocity transducer has been previously studied by a electromagnetic flowmeter implanted with it side-by-side on the femoral artery (Vatner, 1970) . Both flowmeters had similar phasic output and linear response over physiological flow rates. This previous study did not compare relative percent changes in flow by both flowmeters but reported only a linear flowmeter signal output as perfusion through an artery was increased from 0.3 to 12 cm 3 /sec for calibration purposes. These investigators also made the observation that the implanted transducers were firmly attached to the vessel by fibrosis. They concluded, therefore, that changes in arterial diameter within the transducer Circulation Research/Vol. 50, No. 5, May 1982 would be negligible, but no measurements of arterial diameter were made. In our study, arterial area measured in vivo changed significantly within the transducer from rest flow to high How states. We conclude that Doppler velocity meters made of parylene-coated epoxy may not accurately measure relative changes in volume flow unless arterial cross-sectional area is also measured. The results of Vatner do not conflict with our own conclusions, since he demonstrated simply that his instruments were linear as flow increased under conditions when there was no change in arterial dimensions. Our results show that, in the application of linear Doppler velocity meters to unanesthetized animals for studying the physiological effect of hemodynamic interventions, significant coronary vasodilation may occur, the consequence of which is that flow velocity does not parallel volume flow. Consequently, we conclude that the Doppler velocity transducer cannot be used to accurately measure changes in volume flow in the absence of direct measurement of vessel cross-sectional area within the Doppler transducer during each different flow state.
Our observation that the normal coronary artery within an implanted Doppler velocity transducer vasodilates during high coronary flow has several important implications. The first is a practical one for experiments studying coronary physiology in animals chronically instrumented with Doppler velocity transducers. Changes in coronary flow velocity may not parallel changes in volume flow unless changes in arterial diameter are taken into account. Otherwise, errors in measuring flow changes of 30-40% will occur.
The second implication of our results involves a heretofore unreported new stimulus for large epicardial coronary artery vasodilation. In our prepartion, proximal epicardial coronary artery vasodilation occurred after an intracoronary injection of papaverine through a coronary catheter distal to the stenosis and Doppler transducer. The Doppler transducer and distal injection catheter are separated by approximately 2 cm with a stenosis in between. No retrograde flow in the implanted transducers was recorded with distal intracoronary papaverine injection. Thus, proximal epicardial coronary vasodilation occurred as a consequence of increased coronary flow or distal arteriolar vasodilation per se. The mechanism for this proximal coronary arterial vasodilation after distal arteriolar vasodilation is not known. It is unlikely that proximal coronary artery dilation beginning during the first 10 seconds after distal intracoronary injection of papaverine was due to a direct effect of recirculating papaverine, because recirculation time is at least 20-30 seconds and the systemic blood volume dilutes the small papaverine dose given locally in the coronary artery. The fact that the proximal vessel continued to increase in cross-sectional area up to 60 seconds after injection, even though coronary flow reflecting distal arteriolar tone was almost back to baseline, also suggests that recirculating papaverine is not the stimulus for proximal arterial vasodilation, since it would also vasodilate the distal arteriolar bed and keep coronary blood flow high. Furthermore, different stimuli for increasing coronary flow such as distal injection of contrast media or 10-second occlusion caused proximal epicardial coronary artery vasodilation also. The distal coronary arteriolar vasodilation with increased coronary flow stimulates maximal proximal, large epicardial coronary artery dilation at about 50 seconds after peak coronary flow.
There are several possible mechanisms for proximal large artery vasodilation following distal arteriolar vasodilation. Hilton (1959) has shown that a denervated segment of femoral artery also vasodilated in response to increased blood flow induced by distal arteriolar vasodilation in the cat hind limb. He proposed that a vasodilatory wave moved from distal to proximal arteries by slow conduction between smooth muscle cells of the arterial wall, since it was abolished by local anesthesia or section. Lie et al. (1970) reported the same finding for the femoral artery of dogs and showed that neural conduction or reflex were unlikely to account for the proximal large artery vasodilation after distal arteriolar vasodilation. Ingebrigtsen and Leraand (1970) have also demonstrated vasodilation of proximal femoral arteries in dogs upon opening a distal arteriovenous shunt in the absence of circulating hormonal or pharmacological agents. Roach (1963) and Rodbard (1975) have proposed that shear forces or vibration due to high flow velocity or turbulence cause arterial vasodilation, a theory consistent with recent data demonstrating vasoactive substances such as prostacyclins in vascular endothelial cells which may be released by mechanical stimuli.
The final important implication of our study relates to the basic concepts of how stenosis severity is described hemodynamically. Stenosis severity is defined in classical fluid dynamic theory by the quadratic relation between the pressure gradient across a stenosis and arterial flow velocity (AP-V relation) or by the relation between the pressure gradient across the stenosis and arterial volume flow (AP-Q relation), as previously described (Young, 1975; Brown, 1977; Gould, 1978) . A graphic plot of AP vs. V or Q is a visual presentation of these equations for a given stenosis, examples of which are shown in Figures 6  and 7 . A leftward and upward shift in this graphic plot indicates a worsening of stenosis, since, for any given flow or velocity, the pressure gradient is greater.
In this study, the AP-V relation for a given stenosis after vasodilation is steeper with a sharper upward break than the simultaneous AP-Q relation, thereby indicating greater stenosis severity than indicated by the AP-Q relation. We have identified the reason for the difference between AP-V and AP-Q relations as due to the increase in the cross-sectional area of the coronary artery within the Doppler transducer following vasodilators. Thus, for a given increase in volume flow, there is a proportionally smaller increase in flow velocity measured at the Doppler transducer, since the diameter of the artery within transducer increased. From the relation, flow = velocity X arterial cross-703 sectional area, it is clear that flow and velocity will not increase proportionately if cross-sectional area of the artery also increases. Figures 6 and 7 show the profound differences between describing stenosis severity by the AP-Q relation as compared to the AP-V relation. Even though fluid dynamic equations in terms of AP, Q, and V are mathematically equivalent and equivalent for in vitro rigid tube systems, profoundly different conclusions result from their application to vasoactive arteries in vivo.
The problem therefore becomes one of a choice, a "philosophical" choice in a sense, of which reference system, the AP-V or the AP-Q relation, should be used for defining severity of stenosis. Expressed even more simply, the question becomes, should one use flow velocity with relative percent stenosis, or volume flow with absolute stenosis diameter, to assess stenosis severity? It is therefore appropriate to outline the pros and cons of these alternatives.
Pressure Gradient-Velocity Relation
1. Changes in flow velocity do not reflect proportionately the changes in volume flow to the distal vascular bed during coronary vasodilation since the cross-sectional area of the normal artery also increases significantly. If changes in the cross-sectional area of the coronary artery are not accounted for, measurements of the changes in flow velocity will differ by up to 40% from changes in volume flow thereby causing the AP-V relation to be steeper or break more sharply than the AP-Q relation during coronary vasodilation.
2. Thus, the AP-V relation will break more sharply and become steeper when the artery on either side of the stenotic segment vasodilates because percent stenosis then increases and because flow velocity does not increase proportionately with volume flow due to increased cross-sectional area of the normal artery adjacent to the stenosis. The dominant geometric influence on the AP-V relation is the relative percent stenosis traditionally used in clinical assessment of stenosis severity. It is "philosophically" or "intuitively" satisfying that worsening relative % stenosis is associated with a worsening hemodynamic definition as evidenced by a steeper AP-V relation.
3. The velocity equation and AP-V relation is most appropriate to use for assessing or comparing stenosis severity in different-sized vessels normally carrying very different volume flow, such as coronary artery vs. the aorta. Using AP-V analysis, two stenoses of equal percent narrowing in different-sized arteries will show the same pressure gradient and flow reserve, regardless of the magnitude of the normal vessel area. Therefore, estimates of relative percent stenosis and the AP-V analysis is most appropriate for comparing severity or consequences of stenoses in different-sized arteries in broad categorical terms, for example, in clinical evaluation of stenotic arteries under resting conditions. For example, an 80% diameter stenosis of a coronary artery is physiologically comparable in severity to an 80% diameter narrowing of the descending aorta.
Pressure Gradient-Volume Flow Relationship
1. The AP-Q relation for a given stenosis at rest flow changes only slightly at high flow during vasodilation of the normal artery on either side of the stenotic segment. Using the AP-Q analysis, the slight worsening of percent stenosis due to altered stenosis geometry at high flows caused only a 16% increase in pressure gradient over that gradient expected in the absence of epicardial vasodilation.
2. Thus, the AP-Q relation becomes only slightly steeper with vasodilation. The dominant geometric influence on the AP-Q relationship is absolute stenosis diameter, not relative percent narrowing. There is no normalization of the absolute cross-sectional area of the stenosis to the normal area of the artery in the AP-Q relation. Since a small artery transports less volume flow for any given pressure, the AP-Q relation will appear much steeper and hence appear worse for a smaller vessel when compared to a large vessel with the same percent stenosis having the same physiological consequences on distal organ function by virtue of equal percent stenosis. The AP-Q relation is therefore inappropriate for comparing severity of stenosis in different-sized arteries. It is not useful for the broad, categorical, clinical assessment of stenosis severity in the absence of an intervention for beforeand-after comparisons. Therefore, stenosis severity defined by a AP-Q relation which causes organ dysfunction in a small animal or person cannot be extrapolated to the corresponding larger artery and organ in a large subject. For example, an absolute stenosis diameter of 2 mm in a coronary artery normally 3 mm in diameter is not a physiologically severe stenosis, but a stenosis of 2 mm diameter in an aorta that is normally 15 mm in diameter is a physiologically severe stenosis.
3. The flow equation and the AP-Q relation are most appropriate to use for assessing or comparing the physiological effects of an intervention on volume flow or for comparing the geometric severity of a stenosis before an intervention to the same stenosis in the same artery after the intervention.
Inherent in comparisons before and after an intervention is the underlying physiological question of whether coronary volume flow and pressure to the distal coronary bed are effected by that intervention. As long as the end point of the intervention is a physiological change of coronary blood flow and pressure to the distal coronary bed, the AP-Q relation or absolute stenosis dimensions are the most useful measure of stenosis severity.
